on Mars and the Moon-the role of gravity on neuromuscular control: correlation of muscle activity and rate of force development. J Appl Physiol 121: 1187-1195 , 2016 . First published September 22, 2016 doi:10.1152/japplphysiol.00692.2016.-On our astronomical neighbors Mars and the Moon, bouncing movements are the preferred locomotor techniques. During bouncing, the stretch-shortening cycle describes the muscular activation pattern. This study aimed to identify gravity-dependent changes in kinematic and neuromuscular characteristics in the stretch-shortening cycle. Hence, neuromuscular control of limb muscles as well as correlations between the muscles' preactivation, reflex components, and force output were assessed in lunar, Martian, and Earth gravity. During parabolic flights, peak force (Fmax), ground-contact-time, rate of force development (RFD), height, and impulse were measured. Electromyographic (EMG) activities in the m. soleus (SOL) and gastrocnemius medialis (GM) were assessed before (PRE) and during bounces for the reflex phases short-, medium-, and long-latency response (SLR, MLR, LLR). With gradually decreasing gravitation, Fmax, RFD, and impulse were reduced, whereas ground-contact time and height increased. Concomitantly, EMG_GM decreased for PRE, SLR, MLR, and LLR, and in EMG_SOL in SLR, MLR, and LLR. For SLR and MLR, Fmax and RFD were positively correlated to EMG_SOL. For PRE and LLR, RFD and Fmax were positively correlated to EMG_GM. Findings emphasize that biomechanically relevant kinematic adaptations in response to gravity variation were accompanied by muscle-and phasespecific modulations in neural control. Gravitational variation is anticipated and compensated for by gravity-adjusted muscle activities. Importantly, the pre-activation and reflex phases were differently affected: in SLR and MLR, SOL is assumed to contribute to the decline in force output with a decreasing load, and, complementary in PRE and LLR, GM seems to be of major importance for force generation. 
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NEW & NOTEWORTHY

For the first time, this article documents human locomotor behavior under Martian and lunar gravity. Experiments executed during parabolic flights provide unique data, which give insight into neuromuscular behavior when whole body movement is required in gravity conditions equivalent to our astronomical neighbors Mars and the Moon. Findings emphasize that gravitational variation is anticipated and that gravityadjusted muscle activities compensate for reduced gravitational forces. Thus kinematic adaptations are accompanied by muscle-and phase-specific modulations in neural control.
FIFTY YEARS AGO, researchers started investigating human locomotion in hypogravitational environments with emphasis on our astronomical neighbors Mars and the Moon (33, 52) . "It's not like an Earth run here, because you are taking advantage of the low gravity," said Apollo 11 commander Neil Armstrong after his first steps on the lunar surface (lunar surface journal). With a reduced gravitational load of 62% on Mars and 84% on the Moon (44, 57) , bipedal locomotion in its common terrestrial forms is challenged (32, 38, 39, 43) . Authors in the 1960s found that walking on the Moon is restricted to low speeds and that running mechanically is difficult to execute due to a low friction coefficient (41) . As empirically suggested today, gait and run are substituted by bouncing movements in hypogravity as the most efficient modality of locomotion (1, 38, 39, 43) . Bouncing is characterized by sequences of short two-feet ground contacts (GC) intermitted by a flight phase (43) . Model-based studies indicated that bouncing in the stretchshortening cycle (SSC) relied on notably higher biomechanical and metabolic benefits, which is advantageous above gait and run in hypogravity (41, 43) .
Within the class of bouncing movements, the SSC is the natural type of muscle action (54) . By definition, the SSC describes the stretching of a pre-activated muscle-tendon complex immediately followed by a muscle shortening in the concentric push-off phase (23) . The SSC is associated with an exceedingly high efficiency due to energy storage in the elastic elements achieved by the energy transfer from the eccentrically stretched and pre-activated muscle-tendon complex to the push-off phase (2, 14) . Efficiency of bounces dependent on the recoil properties of the muscle-tendon complex is mainly influenced by the level of activation of the muscles (54) . Two factors seem to be of considerable importance: the muscle's pre-activation (PRE) that determines an appropriate level of stiffness before initial touchdown (2, 3) and the reflex activity after touchdown, which is supposed to contribute to the muscle's force enhancement during the eccentric phase of the movement (16, 25, 59) . Reflex phases are time-dependent and defined as short-, medium-, and long-latency response (SLR, MLR, and LLR). Both factors (pre-activity and reflex activation) are assumed to be modulated in response to gravitational load variation (3, 26, 54) , and loading is considered to be of major relevance for the force-generating capacity in the SSC (3).
Resources for human hypogravity research are limited to interplanetary space missions and parabolic flights (44, 50, 52) . Due to high expanses, experiments are rare and almost restricted to zero gravity (9, 58) . Evidence for Martian and lunar gravitation are nonexistent. For a basic understanding, hypogravity-like analogs used experimentally were achieved by simulation using partial unloading conditions such as water immersion (40) , partial weight-bearing in sledge systems (7, 26) , counterweights (4, 14) , body-weight support (21), or elastic straps attached to the floor or ceiling (9, 58) . These approaches have in common that forces (F ϭ m · a) are altered by changing the mass (m) but not the acceleration (a), which is the analog of gravity (44) . Confounding side effects such as changes in inertia and acceleration, and reduced freedom of movement have been reported, and thus a conclusive statement in regard to the consequences of loading on motor control is very limited (26, 58) . Moreover, none of the gravity-related studies have analyzed neuromuscular control to gather a basic understanding of how muscles are governed and coordinated to provide appropriate forces necessary for any kind of body movement.
The objective of our study was to elucidate gravity-dependent changes in neuromuscular and kinematic characteristics in the SSC by comparing bounces in Earth to those in Martian and lunar gravity. For that purpose, we assessed the ground reaction force (GRF), joint goniometry, and neuromuscular activity of relevant muscle groups involved in a bouncing movement as well as interrelations between the muscles' preactivation and reflex components and force output. Experiments were conducted during parabolic flights aboard an aircraft undergoing hypogravity flight profiles (44, 46) .
It was hypothesized that hypogravity impacts bounces and requires an anticipated neuromuscular control regarding activation intensities and leg segments associated with changes in force-generating capacity. We expected that a gradual decline in gravity will result in a gradual decrease of peak force (F max ), force gradient, frequency, and impulse, whereas ground contact time (GCT) and height of bounces were expected to increase. It was assumed that a reduction in preactivity and phase-specific reflex adjustments of the muscle activation would compensate for the alterations caused by varied gravitational load levels with a decline from 1 g via 0.38 g to 0.16 g. We further expected interrelations for neuromuscular and force data.
MATERIALS AND METHODS
Subjects
Eight subjects (two females, six males, height 177 Ϯ 7 cm, body mass 69 Ϯ 7 kg, age 31 Ϯ 4 yr) volunteered to participate in this study. All volunteers gave written, informed consent to the experimental procedure, which was in accordance with the latest revision of the Declaration of Helsinki and approved by the ethics committee of the University of Freiburg. The volunteers were healthy and had no previous neurological irregularities or injuries of the lower extremities.
Parabolic Flight
The experiments were conducted aboard the ZERO-G aircraft (Novespace, Bordeaux, France) during the second CNES/ESA/ DLR Joint European Partial-g Parabolic Flight Campaign (JEPPF-2). The campaign comprised 4 flight days; each flight lasted 3 h and comprised 13 Martian and 12 lunar parabolas. The course of one parabola is illustrated in Fig. 1 
Experimental Design
A single-group repeated-measures study design was used to examine differences between bounces performed in Earth gravity (EG) with bounces performed in LG and MG on the basis of the recorded GRF, joint goniometry, and electromyographic (EMG) activity of lower limb muscles. After a 20-min warm-up (running, tappings, and bouncing executed in the aircraft), both-leg bounces were performed with the instruction to jump stiff with knee and hip joints almost extended and to keep the contact time as short as possible, ensuring the most reliable jump patterns (26) . Bounces were performed barefoot on a force plate. Data sets of 6 ϫ 10 bounces for EG (in the aircraft between the parabolas), LG, and MG conditions were collected. The order of the recordings in EG and hypogravity was randomized between subjects to control for confounding effects like habituation; fatigue was avoided by the rest pauses in between the parabolas and sets of jumps, respectively (~2 min).
Before each flight day, two participants were prepared for the measurements and were given a sex-weight-based injection of 0.2-0.7 ml of Scopolamine 30 min before takeoff to prevent motion sickness (46) . Before the measurements, subjects performed three isometric maximal voluntary contractions (MVCs) for each recorded muscle, according to Roelants et al. (48) and Wiley and Damiano (56) ; the trial with the highest EMG was used for data normalization. The MVCs were executed against resistance for 3 s with recovery pauses of 1 min between trials and repetitions. Body position during MVCs was strictly controlled and supervised through goniometric recordings with standardized knee and hip joint angles by the authors. Antagonistic muscle activation was monitored, and trials were repeated when antagonists were activated. 
Outcome Measures
Force recordings. Vertical GRFs were recorded on a force plate (Leonardo, Novotec Medical, Pforzheim, Germany) with a sampling frequency of 1 kHz. We reset the force plate in the gravitational level.
Goniometric recordings. Ankle (dorsiflexion and plantarflexion), knee (flexion and extension), and hip (dorsalextension and ventralflexion) joint kinematics in the sagittal plane were recorded by electro-goniometers (Biometrics, Gwent, UK). The ankle goniometer was fixed at the lateral aspect of the right ankle, with its movable endplates attached parallel to the major axis of the foot in line with the fifth metatarsal and the major axis of the leg in line with the fibula. The knee goniometer was placed over the lateral epicondyle of the femur, with one endplate attached to the shank and aligned to the lateral malleolus of the fibula and the other to the thigh aligned to the greater trochanter. For the hip, one endplate was fixed to the lateral pelvis midline and the other to the greater trochanter of the femur. The knee and hip flexion angle was set to zero at 0°during normal upright stance, and joint flexion was reflected by an angle Ͼ0°. An angle of 90°between the fifth metatarsal and the fibula corresponded to a 90°a nkle angle; an angle Ͼ90°reflected plantarflexion. Signals were recorded with a sampling frequency of 1 kHz.
EMG recordings. For EMG recordings, bipolar Ag/AgCl surface electrodes (Ambu Blue Sensor P, Ballerup, Denmark; diameter 9 mm, center-to-center distance 34 mm) were placed over the musculus (m.) soleus (SOL), m. gastrocnemius medialis (GM), m. tibialis anterior (TA), m. rectus femoris (RF), and m. biceps femoris (BF) of the right leg according to SENIAM (22) . The longitudinal axes of the electrodes were in line with the direction of the underlying muscle fibers. The reference electrode was placed on the patella. By means of shaving, light abrasion, degreasing, and disinfection of the skin, interelectrode resistance was kept below 2 k⍀. The EMG signals were transmitted to the amplifier (band-pass filter 10 Hz to 1 kHz, ϫ1,000 amplified) via shielded cables and recorded with 1 kHz; cables were taped to the skin.
Antigravity muscles of the lower limb were measured with particular interest since they resist the constant pull of gravity in the maintenance of posture or locomotion by their tone (10, 13, 27) .
PRE and reflex activity were the time intervals of interest. Including PRE, every reflex phase is attributed to specific hierarchical levels of the central nervous system (CNS) dependent on its latency: the SLR is mainly controlled on a spinal level (55, 59) , the MLR and LLR predominantly on a supraspinal level (11, 42, 55) , and PRE overall by cortical structures (59) .
Data Processing
GRFs were used to determine F max and GCT (time interval between GC and takeoff; thresholds for take-offs and landings were set to 3 N). Rate of force development (RFD; F max divided by the time from GC until the force signal reached its peak) as a reactive index and jump height (H; H ϭ g · t 2 /8, with t ϭ flight time from the instant of take-off to landing, g ϭ 9.81 m/s 2 for EG, g ϭ 3.8 m/s 2 for MG, or g ϭ 1.6 m/s 2 for LG, respectively; Ref. 12) were calculated. Impulse was expressed by the area under the force curve (Ns). Jump frequency was determined from initial touchdown to the touchdown of the next bounce (Hz).
For each recorded muscle, the EMG was rectified, averaged, integrated (iEMG), time normalized, and divided into four time intervals based on previously reported latencies and durations of the reflex components (28, 34, 51) : the pre-activation phase (PRE; 150 -0 ms before GC), the SLR (30 -60 ms after GC), the MLR (60 -90 ms after GC), and the LLR (90 -120 ms after GCT). Subsequently, iEMGs were normalized for time (mVs) to make them comparable between phases and then normalized to the respective MVC.
The joint angles were determined at the time of GC, and the angular joint excursions (°) were calculated from GC until the GRF reached its peak. Fig. 2 . Modulation of the ground reaction force (GRF; bottom), electromyographic (EMG) activity of shank muscles [musculus soleus (SOL), gastrocnemius medialis (GM), and tibialis anterior (TA)] (middle) as well as angle and knee joint kinematics (top) for one subject in the different gravitational conditions: normal gravity (EG), Martian (MG), and lunar (LG). Ground contact time (GCT) is marked as the time between ground contact (GC) and take-off. Also marked are the relevant EMG phases (bottom). PRE, 150 ms before GC until GC; SLR, 30 -60 ms after GC; MLR, 60 -90 ms; LLR, 90 -120 ms. Muscular activity remained unchanged during PRE for the SOL and TA but was gradually reduced in the GM from EG to MG to LG conditions. The duration of GCT was lengthened, and the Fmax decreased from EG to MG to LG. Concomitantly, EMG activity in the SOL was reduced in the reflex phases SLR and MLR; EMG activity in the GM was reduced in LLR. Data comprise the means of 60 jumps for each gravity level.
Data were averaged for subjects and gravity conditions.
Statistics
To evaluate kinematic and neuromuscular modulations in response to changes in gravitational loading (LG Ϫ MG Ϫ EG), a repeated-measures analysis of variance (rmANOVA) was used. The dependent variables were SOL, GM, TA, RF, and BF EMG for PRE, SLR, MLR, and LLR as well as GCT, F max, RFD, impulse, H, frequency of the bounces, and ankle, knee, and hip joint excursions. The normality of the data was evaluated with a Kolmogorov-Smirnov test; data followed a normal distribution. If the assumption of sphericity measured by Mauchly's sphericity test was violated, Greenhouse-Geisser correction was used. The level of significance was set to P Ͻ 0.05. To correct for multiple testings, Bonferroni tests were used; P values (P i) for each test were multiplied by the number of tests (Pi adjusted ϭ Pi · n, n ϭ number of tests). If Pi adjusted was smaller than 0.05, the respective test i was considered to be of statistical significance.
Bivariate, two-tailed Pearson correlation analyses were conducted to determine the strength of linear relations between the two variables RFD and the EMG PRE or the reflex phases SLR, MLR, and LLR for the muscles SOL and GM, respectively. Furthermore, to compare correlations from dependent samples obtained in LG, MG, and EG, correlation coefficients (r LG, rMG, rEG) were converted into a z-score using Fisher's r-to-z transformation (53) . Subsequently, the asymptotic covariance of the estimates was computed according to Steiger (53) .
All statistical analyses were conducted using the SPSS 23.0 software (SPSS, Chicago, IL) and calculators from Lee and Preacher (29) . Data are presented as group mean values Ϯ standard deviation.
RESULTS
Subjects' bounces showed the same motor pattern among all gravity conditions; SSC characteristics were evident (Fig. 2) .
Forces
Grand means of F max and RFD are displayed in Figs. 3 and  4 . A gradual decrease in gravitational loading from EG to MG to LG revealed a decrease of F max , RFD, frequency, and impulse. Concomitantly, H and GCT increased (Table 1) .
Goniometry
Joint kinematics are displayed in Table 1 . Ankle, knee, and hip joint angles at initial touchdown as well as range of motion (ROM) during GCT did not change with alterations in gravitational loading.
Electromyographic Activity
The EMG activity of one exemplary subject is illustrated in Fig. 2 ; grand means of EMG data are displayed in Table 2 . Significant differences in EMG activity for the SOL and GM were observed as a result of gravity variation: a progressively declining gravity level ranging from EG to MG to LG caused a progressive decrease in PRE, SLR, MLR, and LLR for the GM. Concomitantly, SOL EMG activity showed a gradual decrease in SLR, MLR, and LLR with decreasing gravitational load and the RF in LLR.
Correlations
A significant positive correlation was detected for the variables F max and RFD with the muscle activity in the SOL and GM (Table 3) . Corresponding graphs to illustrate bivariate correlations are displayed in Fig. 5 ; correlation coefficients can be found in Table 3 . For the reflex phases SLR and MLR, the EMG of the SOL was correlated positively with F max and the RFD. Complementarily, the EMG for the GM was correlated positively with F max and the RFD for PRE and LLR.
Comparison for bivariate Pearson correlation coefficients r LG , r MG , and r EG using Fisher z-transformation revealed no significant differences for the variables F max and RFD with the muscle activity in the SOL and GM (Table 3) .
DISCUSSION
The innovative objective of this study was to elucidate gravity-dependent changes in neuromuscular and kinematic characteristics in the SSC by comparing bounces on Earth to those of Martian and lunar gravity. In a unique approach, this experiment documents human locomotor behavior and provides insight into force profiles associated with neuromuscular control when whole body movement is required in gravity conditions equivalent to our astronomical neighbors Mars and the Moon. Findings emphasize that gravitational variation is anticipated and that gravity-adjusted muscle activities compensate for reduced gravitational forces. In detail, outcomes were 1) a gradual decrease of gravity results in a gradual reduction Fig. 3 . Group mean data for peak force (Fmax; A) and rate of force development (RFD; B) from each single subject (}) as well as the mean of all subjects (X) in the different gravitational conditions: LG, MG, and EG. Fmax and RFD gradually increased with augmented loading from LG to MG conditions. of F max , RFD, frequency and impulse while H and GCT increase; 2) these kinematic changes are accompanied by neuromuscular modulations: with decreasing gravitational load, the EMG activity in the triceps surae decreases in each of the relevant reflex phases as well as before initial GC; 3) positive high-magnitude correlations could be observed for the variables RFD with the EMG for the SOL during SLR and MLR, and complementarily for the GM in PRE and LLR.
Adaptation to Gravity
Despite the planetary characteristics and acceleration profiles of the Moon, Mars, and Earth (52), human body movements as well as the typical chronology of the motor pattern during bounces in the SSC, such as pre-activity and sequences of reflex components, remain identical among gravity levels (23, 54) (Fig. 2, Table 2 ). Articular excursions in the lower extremities (26) are equal before and during touchdown, disregarding changes in gravity and force profiles reflected by F max and RFD (26) . Importantly, typical SSC characteristics of a pre-contracted muscle-tendon complex followed by neuromuscular enhancement at touchdown were demonstrated in subjects (23, 54) , although the muscles' activation intensities were matched to the corresponding gravitational conditions. Apparently, the gravity level (44) can be anticipated before motor action, since muscle activation before touchdown (2, 3) showed adaptations reflected by a decline in activation intensities (Figs. 1 and 4) (26, 55) . Based on the literature, it is likely that the CNS predicts accurately the instant and velocity of muscular stretch before initial touchdown based on vestibular input (36) . Thus subjects take advantage of their anticipatory sensory capacity (36) to "smoothen" the movement (8, 38) and to benefit from prelanding muscle activation governed and preprogrammed by supraspinal structures to cope with gravitational changes and avoid injuries (54, 55) .
Forces and Bouncing Characteristics
Prolonged GC and flight times of bounces refer to a slowing down of the movement with decreasing gravity from Earth to Mars to the Moon. Concomitantly, force maxima, reactive index, and impulse underwent a stepwise decline. Since F ϭ m · a, it is intuitive (8) that, with decreasing gravity and prolonged GCT, velocity before initial touchdown is reduced. Consequently, vertical de-and re-acceleration at ground contact, and thus F max and RFD decline (37) . Additionally, "taking advantage of low grav- Fig. 4 . Grand mean and standard deviations of the jump height, electromyographic (EMG) activity during pre-activation in the SOL and GM, GCT, and RFD for all participants in the gravity levels from low to high:
LG, MG, and EG. Changes in jump frequency, peak force (Fmax), rate of force development (RFD), ground contact time (GCT), impulse, and height (H; top) as well as ankle, knee, and hip joint kinematics (bottom). A gradual increase in gravitational loading [lunar gravity (LG) Ϫ Martian gravity (MG) Ϫ Earth gravity (EG)] revealed gradually increased Fmax and RFD, whereas GCT decreased. Hip, knee, and ankle joint angles at ground contact (GC) as well as range of motion (ROM) during GC showed no significant modulations regarding gravitational loading. Values are means Ϯ SD. rmANOVA, repeated-measures ANOVA.
Bouncing on Mars and the Moon • Ritzmann R et al. ity" like Armstrong mentioned after his Moon discovery includes an enhancement in H, although forces in the push-off phase are reduced. Thus we conclude that overcoming load in 0.16 g or 0.38 g is significantly eased (39) . Previous studies have demonstrated that leg stiffness during running and hopping does not change under simulated low-gravity conditions (21) or within bounds of Ϯ 0.3 g of EG (26) . With the muscles acting almost isometrically during bounces on Earth (24, 47) , in hypogravity the muscletendon unit copes appropriately with reduced loads as the stiffness of the inert component and remains the same in all gravitational environments (21, 26) . This implies a smaller eccentric elastic stretch in hypogravity (21) that may entail smaller concentric recoil of the muscle tendon complex and may lead to the gradual reduction of F max , RFD, frequency, and impulse, whereas GCT increases (38) .
Neuromuscular Modulations
For the neuromuscular assessment, we focused on antigravity muscles that counteract the constant pull of gravity in the maintenance of posture and movement (10, 13, 27) . Our results are in line with our hypotheses and demonstrate that decreasing gravity from Earth to Mars to the Moon is compensated by a decrease in the muscles' activation intensities concomitant with a decrease of F max and RFD. In view of the literature, this interrelation is intuitive, SSC bouncing efficiency forces, as RFDs depend on the recoil properties of the muscle-tendon complex, which is determined by the muscles' level of activation (54) . Importantly, neuromuscular modulation occurred with an emphasis on distal muscles: in contrast to the thigh, shank muscles underwent significant gravity-dependent mod- Bivariate Pearson correlation coefficients (CC) R, rLG, rMG, and rEG and Fisher's r-to-z transformation P values among the variables Fmax and RFD with the normalized EMGs of the SOL and GM in the relevant phases before and after touchdown: PRE (150 ms before GC until GC), SLR (30 -60 ms after GC), MLR (60 -90 ms after GC), and LLR (90 -120 ms after GC). Findings revealed muscle-and phase-specific associations. In the SLR and MLR, RFD and Fmax were positively correlated to EMG SOL; for PRE and LLR, RFD and Fmax were positively correlated to the GM. Fisher's r-to-z transformation revealed no significant differences for rLG, rMG, and rEG. Values are means Ϯ SD.
ulations, highlighting the postural relevance of the triceps surae to compensate for gravitational changes in the SSC.
Although pre-activation provides appropriate joint stiffness before initial touchdown (2, 3), reflex components during GCT contribute to the muscles' force enhancement in the eccentric phase of the ballistic movement and determine H (16, 59) . Our study revealed that, with a decline in gravitational loading, pre-activation only decreased in the GM, the most powerful biarticular shank muscle. Meanwhile, reflex components decreased equally for the SOL and GM. Interrelations of EMG with F max and RFD furthermore indicate that force characteristics correlate with SOL EMG for the early reflex components SLR and MLR, whereas for pre-activity and LLR they correlated with GM EMG. Thus gravitational load variations are compensated by a muscle-(shank vs. thigh, SOL vs. GM) and phase-specific neuromuscular control. The functional relevance of this adaptation can be explained by considering the underlying mechanisms.
Underlying Mechanisms
Apparently, the recorded muscles have different roles when compensating for gravitational changes. First, distal shank muscles are more crucial for bouncing among gravity levels than proximal thigh muscles. Second, the GM adapts mainly for pre-activity and LLR governed by supraspinal areas (11, 30, 42) ; the SOL for SLR and MLR is primarily controlled on the spinal and subcortical level (54) and enhanced by the stretch length (19, 45) or velocity (18) of the muscle. For a conclusive statement, it is mandatory to consider that both heads of the triceps surae (GM and SOL) have different anatomical properties and are related to different motor func- Fig. 5 . Gravity-dependent bivariate correlations and correlation coefficients among the variables RFD (abscissa) with the normalized EMGs of m. soleus (left) and m. gastrocnemius medialis (right) in the relevant EMG phases (ordinate): PRE (Ϫ150 -0 ms before GC until GC), SLR (30 -60 ms after GC), MLR (60 -90 ms after GC), and LLR (90 -120 ms after GC). Findings revealed muscle-and phase-specific associations. In the SLR and MLR, RFD was positively correlated to EMG SOL; for PRE and LLR, RFD was positively correlated to the GM. *Significant findings (P Ͻ 0.05).
tions (6, 31) . The origins of the GM and SOL are topographically distinct, arising from the femur and fibula, respectively. Both muscles control plantarflexion; however, the GM contributes to knee flexion as well (20) . Due to the GM's biarticularity, its recoil property is significantly dependent on the presetting, i.e., the knee flexion (31) . Considering experiments performed on fascicle length changes, it was demonstrated that the SOL is eccentrically elongated, whereas the GM remains constantly shortened in all phases of the SSC (24) . Thus phase-specific differences may result from the specific anatomical and functional properties of the two heads of the triceps surae (3, 7, 14, 26) . Moreover, in vivo experiments have shown that sensory and contractile characteristics differed for the SOL and GM: the SOL contains mainly oxidative type I fibers and a high muscle spindle density, whereas the GM is equipped with a high proportion of type II fibers and only a small spindle quantity (5, 17) . Therefore, sensitivity to stretch elongation and velocity in the SOL may be enhanced compared with the GM and could explain interrelations between SOL activity at the early reflex phases SLR and MLR and F max and RFD, respectively. Thus it is argued that the SOL and GM could be differently affected by load variation. Considering long-term space missions showing particularly high atrophy rates and force declines in those muscles (13) , particular emphasis on GM and SOL training is mandatory due to their outstanding function (54) .
Conclusion and Functional Relevance
Manned missions to the Moon were limited to a few approaches, and the first interplanetary journey to Mars is expected in the next decade. Therefore, only heterogravity simulations on Earth are used currently to investigate human behavior in low-gravity conditions. Among those approaches, parabolic flights are the gold standard despite short-lasting measurement periods (44) . Our findings indicate that bouncing can be realized intuitively, appropriate muscle activity can be anticipated, and resulting forces can be properly adjusted. Subjects kept their motor control pattern, even though planetary acceleration profiles differ considerably between Earth, Mars, and the Moon by 62% and 84%, respectively. Bouncing movement was successfully completed; phase-specific movement patterns were similar among gravity levels, and the muscles' activation intensities adapted within seconds and minutes during parabolic maneuvers. Although our findings indicate the adaptability to different hypogravity conditions, they cannot be generalized to all types of imposed motion. Besides wearing space suits limiting angular excursion in the limb joints (49) , lunar or Martian dust and its low friction coefficient (41) are likely to hinder habitual locomotion on these planets as well. This could partly explain the astronauts' choice of bouncing while moving on the Moon during Apollo 14 and 17 missions. During bouncing, the SSC relies on small ranges of motion in the proximal and distal body joints. As a result, the metabolic efficiency due to energy storage in the elastic elements achieved by the energy transfer from the eccentrical to the concetric phase is improved. With an emphasis on distal muscle groups, this may be more efficient than walking or running (2, 15, 35) . Thus these results underline findings from Pavei et al. (43), Ackermann and van den Bogert (1), and others that bouncing is expected to be an adequate and even preferred locomotor technique to move on the Earth's astronomical neighbors in hypogravity.
